The assessment of exposure to cosmic radiation on board aircraft is one of the concerns of organizations responsible for radiation protection. Cosmic-particle flux increases with altitude and latitude and depends on solar activity. To illustrate the effect of these parameters, exposure has been estimated on several airlines operating subsonic and supersonic aircraft on transatlantic, Siberian and transequatorial routes. Measurements have been made with a tissue-equivalent proportional counter using the microdosimetric technique. This type of system provides the absorbed dose, the ambient dose equivalent, the mean quality factor, and the dose distribution as a function of lineal energy. Data were collected at maximum solar activity in 1991-1992 and at minimum activity in 1996-1998. The lowest mean dose rate measured was 3 Sv h -1 during a Paris-Buenos Aires flight in 1991. The highest rates were 6.6 Sv h -1 during a Paris-Tokyo flight on a Siberian route and 9.7 Sv h -1 on Concorde in 1996-1997. The mean quality factor is around 1.8. The corresponding annual effective dose, based on 700 h of flight for subsonic aircraft and 300 h for Concorde, can be estimated at between 2 mSv for the least-exposed routes and 5 mSv for the more-exposed routes. ᭧
INTRODUCTION
The study of naturally occurring radiation and its effects on humans is one of the concerns of organizations responsible for radiation protection. Space experiment programs to assess the dose received by astronauts during a space mission have been supported for several decades. Some of the dosimetry systems developed for studies in space have been used to measure the doses received by flight crews on long-haul flights.
Cosmic-particle flux increases with latitude and altitude. It is significantly higher on board aircraft in flight than at ground level. The complexity of the radiation field does not 1 Author to whom correspondence should be addressed at IPSN-Dosimetry Department, BP 6, 92265 Fontenay-aux-Roses Cedex, France. make dose measurement easy. Indeed, a wide range of energies and types of particle are found. The gravity of the consequences for biological structures depends on the energy. Therefore, if the effective dose is to be estimated, the absorbed dose has to be known, along with the radiation weighting factor.
Several airlines were selected to illustrate the effect of parameters such as altitude, latitude and flight time. Measurements were planned for different periods of the year so that the effects of solar activity could be assessed. This study gives the results of measurements made during 1996-1998, when solar activity was at its lowest, on five routes out of Paris: Tokyo, San Francisco, Buenos Aires, Washington and New York (on Concorde). The results are compared to those obtained on three of these routes in 1991-1992, when solar activity was at a peak.
COSMIC RADIATION
The cosmic radiation on which radiation protection focuses is comprised at the outset of charged particles (ions and electrons) and secondary particles resulting from their interaction with the atmosphere (ions, neutrons, ␥ rays, electrons, etc.).
Primary cosmic radiation consists mainly of the nuclei of atoms which have lost their electrons due to their extremely high velocity. These charged particles are hydrogen nuclei (protons), helium nuclei (␣ particles), and the nuclei of heavier elements such as iron and nickel. There are also some electrons (1%) and positrons (1%). One stable component is due to galactic and extra-galactic radiation; it comprises ions whose energy value can reach 10 20 eV, averaging out at a few 10 9 eV. The other component comes from the Sun and is known as solar wind; it fluctuates with solar eruptions which produce large quantities of particles, mainly protons. The atomic number and energy of particles of solar origin are generally lower than those of the galactic and extra-galactic component. Solar activity varies over an 11-year cycle (1, 2) .
The charged particles move around and interact with the interstellar magnetic field and, for our purposes, with the terrestrial magnetic field to form the magnetosphere. The particles exert a widespread pressure on the magnetic field on the side of the Earth exposed to the Sun and produce a magnetospheric tail at the rear. Distortion is most pronounced at high altitudes. At altitudes below a few Earth radii (the radius of the Earth is 6370 km), the dipolar structure of the magnetic field predominates; this phenomenon explains the presence of polar cones centered around the magnetic poles where the magnetic field offers less resistance to incoming charged particles.
The particles making up the cosmic radiation also interact with interstellar gas and, closer to the Earth, with the atmosphere. Secondary particles (neutrons, ions, electrons, ␥ rays, muons, etc.) are produced by the breakup of cosmic ions and atoms of interstellar and atmospheric gas. A similar process occurs in the outer shell of the aircraft.
Because of the magnetic field and the atmosphere, only the most energetic ions, mainly those contained in galactic cosmic radiation, reach low altitudes, where they interact. This galactic component is modulated by the solar wind outside the magnetosphere, being more heavily influenced when there is considerable solar activity. These phenomena explain why the flow of cosmic particles at ground level is lowest when solar activity is at a peak and vice versa. Figure 1 illustrates solar activity and the changes in cosmicparticle flux at ground level (data provided by P. Lantos, Paris-Meudon Observatory).
The magnetosphere and the atmosphere together form a powerful shield protecting us from cosmic rays. Without it, the dose received on the Earth's surface would exceed 1 Sv year -1 .
MEASUREMENT APPARATUS
The device used to make the measurements, NAUSI-CAA, was developed to estimate the doses received by astronauts (3). One such instrument was used on board the Mir space station for 3½ years (4). Portable versions are used in other situations, particularly aboard aircraft and in radiation facilities (5) .
The detector is a tissue-equivalent proportional counter (TEPC), considered by specialists as the reference detector for measuring doses from cosmic radiation (6) . It is sensitive to directly ionizing particles (ions, electrons and ␥ rays) as well as to neutrons through the charged secondary particles created by them in the walls of the counter. The sensitive volume is a 5 ϫ 5-cm cylinder filled at low pressure (33 hPa) with a gas equivalent to biological tissue. This gas is based on propane: 50% C 3 H 8 , 40% CO 2 and 5% N 2 . The detector simulates a 3-m-long biological site located inside the organism at a depth of 1 cm.
Incident radiation produces electrons in the gas which are collected on the central anode, when an electric field is applied between the anode and the wall of the detector. Since the energy needed to create an ion pair (W) is known, the collected charge can be converted and is proportional to the energy deposited. Each event detected is analyzed using a pulse-height analysis method and stored to produce the lineal energy distribution spectrum, d( y); y is the energy deposited divided by the average chord length of the detector. The system uses a logarithmic amplifier because of the dynamic range of y (10 4 ) and a 256 multichannel analyzer. There is a relationship between y and the linear energy transfer (LET) which is related to the quality factor Co ␥-ray source for LET lower than 4 keV/m and with an AmBe neutron source for higher LET.
RESULTS
The results given are those obtained from measurements made in 1996-1998 and are compared to the 1991-1992 results 2 to assess the effect of solar activity. Take-off and landing periods are taken into account when calculating doses received during flights and average dose rates. The ambient dose equivalent is calculated using the quality factor-LET relationship given in ICRP 60 (7); the values are usually 20% higher than those obtained with ICRP 26 (8) . Since the irradiation of individuals is uniform, it is our opinion that the ambient dose-equivalent value estimated by the measurements is a reasonable approximation, albeit overestimated at times, of the effective dose value. More- over, since we are dealing with extremely penetrating radiation, the value of the average quality factor (Q) obtained from the experiment is a reasonable approximation of the mean radiation weighting factor, w R .
Measurements lasting 5 to 15 min, depending mainly on altitude, were made throughout all of the flights. The NAUSICAA device was installed in the flight deck on subsonic flights and in the cabin on Concorde. The ParisBuenos Aires flight was not taken into consideration because certain measurements were affected by the aircraft instrumentation system. However, data obtained during the return flight could be used for the outward trip since the two routes were comparable. The results obtained are presented taking into account the uncertainty arising from calibration and the statistical deviation for the average of measurements. The calibration uncertainty is estimated at 7% (one standard deviation). The statistical uncertainty about the mean ambient dose-equivalent rate during a flight is less than Ϯ10%, corresponding to one standard deviation of the average value. Figure 2 shows a map giving an overview of the ambient dose equivalent for the various flights during the period 1996-1998. The maximum integrated dose, 150 Sv, is for the Paris-Tokyo round trip using a Siberian route and Paris-San Francisco. For Buenos Aires-Paris, the longest flight, the dose is 30% lower (100 Sv). The dose received for the Paris-Washington round trip (14.6 h) is comparable to that for New York with Concorde (7 h). This comparison highlights the effect of altitude (up to 18,000 m for Concorde). Figure 3 gives the ambient dose equivalent and the absorbed dose-rate (in a small piece of ICRU tissue at a depth of 1 cm) profiles measured for three flights and the effective dose rate calculated 3 with the CARI-5E code (9) developed by the U.S. Federal Aviation Administration. Dose rates increase with the flight level; this dependence is obvious for the absorbed dose rate. There are considerable ), which have a significant effect in terms of dose but a lower probability of occurrence than low-LET events. Dose distributions, d( y) and h( y), as a function of lineal energy (Fig. 4) show two distinct parts: The first, under 10 keV m -1 , corresponds to low-LET events, and the second, above that level, is mainly due to secondary particles, i.e. protons and heavy ions, created by neutrons. Table 1 gives the flight parameters and the average dose rates obtained from measurements made in 1996-1998. The high-LET (above 10 keV m -1 ) contribution estimated from the previous dose distributions can be assessed between 40 and 50% of the total ambient dose equivalent. The contribution of the neutron dose, included in the high-LET part, is expected to increase at high latitude. Measurements performed by Schrewe (10) give a neutron dose fraction of 37% for geomagnetic latitudes below 30ЊN and 53% for those above 60ЊN. This effect is not evident mainly because the results represent the mean dose rates along routes starting from Paris which is located at a mid latitude (49ЊN). The mean quality factor is about 1.8 for a subsonic flight and 1.6-1.7 aboard Concorde. This variation is not significant given the uncertainties.
A comparison with the 1991-1992 measurements is presented in Table 2 . The difference observed in the mean ambient dose-equivalent rate between the two periods is not exactly that expected, especially for two routes. This is mainly due to the flight profiles. A difference of less than 2% is observed for Paris-Tokyo, compared to around 20% expected if we consider ground neutron monitor measurements (see Fig. 1 ). The Paris-Tokyo data are given for a Paris-Tokyo flight in 1997 and Tokyo-Paris in 1992; these flights are not equivalent because of the magnetic rigidity, which represents the ability of cosmic rays to penetrate the Earth's magnetic field. For the Paris-Tokyo route, the cutoff rigidity is lower-4 GV at Paris and 12 GV at Tokyo (1)-when the flight level is higher at the end of the flight, leading to an increase in the ambient dose equivalent of d Calculated with CARI-5E using the actual route. e Correction due to the difference in the flight profiles for each period. The corrected measured value is obtained using the 1996-1998 flight profile as reference.
f The measurement uncertainties are higher in this flight because of on-board perturbations. g Mean value for the two flights.
18% in relation to a Paris-Tokyo flight. This effect has been assessed by calculation with CARI-5E using the actual flight parameters for the two routes at the same date. This difference is 40% for Buenos Aires-Paris compared to a few percent expected at low latitudes (1). The 1996 data have to be considered carefully because of measurement perturbations during the flight. Furthermore, the Buenos Aires-Paris flight was direct in 1996 but with an intermediate landing at Rio de Janeiro in 1992, giving a lower mean altitude and an underestimation of 10% (obtained by calculation) of the ambient dose equivalent relative to the 1996 flight profile. For the Concorde, a 10% difference is observed compared to more than 20% expected. The annual ambient dose equivalent is estimated in the aircraft flying a particular route on the basis of 700 h for subsonic flights and 300 h for supersonic flights (Table 3) . These values are probably overestimated because the number of flight hours registered for each crew member is taken ''block-block'', i.e. the time between departure from parking and arrival to parking.
DISCUSSION
As expected, the lowest average dose rates for long-haul flights are observed on routes close to the equator and when solar activity is at a peak (minimum amount of cosmic radiation at ground level). For example, in the 1991-1992 period on the Paris-Buenos Aires flight, the average dose rate throughout the flight was around 3 Sv h -1
. The comparison of the 1991-1992 ambient dose-equivalent rates, corrected as described previously, with those for 1996-1998, taking into account the statistical uncertainties, shows a fairly satisfactory agreement with the expected values.
At higher latitudes and when the solar activity is lower, the values are higher. For the Paris-Tokyo flight passing over Siberia, the average dose rate measured in 1997 was 6.6 Sv h -1 . The dose rate for a north Atlantic route is almost the same because the maximum latitude is comparable to that reached on a Siberian route. The cut-off rigidity is also lower. For the cargo flight between Tokyo and Paris passing over the North Pole, with a stop at Fairbanks, the average dose rate was 5 Sv h -1 . On polar routes at a given altitude, the cosmic-radiation flux can generally be compared to that of Siberian routes. Indeed, beyond a geomagnetic latitude of 65Њ, it is taken as being constant. The measured value is lower than on Siberian routes because the average altitude is lower. As far as supersonic flights are concerned, the dose levels are far higher due to altitude (up to 18,000 m). Throughout the Paris-New York flight during a period of low solar activity, the average rate was approximately 9.5 Sv h -1 . Agreement between the average experimental dose-equivalent rate and the average effective dose rate given by CARI-5E is generally within 20%, 30% for some flights, the experimental values being higher than the calculated ones.
For comparison, the equivalent dose rates for geomagnetic latitudes above 50ЊN as a function of flight altitude between 9 and 13 km, obtained from measurements made in 1996-1998 (Fig. 5 ), are consistent with those given by Reitz (1) for minimum solar activity and those obtained by Schrewe with an ionization chamber and a REM counter (10) . They are higher than those published by Regulla and David (11) and those calculated by CARI-5E by about 20% maximum. A comparison with results obtained with other TEPCs on flights between Europe and the U.S. shows that the equivalent dose rate measured agrees within Ϯ20% (12).
The major events associated with solar eruptions may occasionally lead to far higher dose rates. The dose received by the passengers on a flight at 10,000 m at high latitude during the largest solar eruption to date (1956) can be estimated at more than 10 mSv (13) . Fortunately, events such as this are very rare and of short duration (a few hours). It is therefore highly unlikely that any one individual, even a member of a flight crew, would receive a dose of this size several times in his/her life.
CONCLUSION
Dose measurements taken on board during long-haul flights can be used to assess an annual effective dose-equivalent range for flight personnel, based on 700 h of flightbetween 2 mSv for the least-exposed long-haul flights at low latitude and during maximum solar activity (e.g. the flight to Buenos Aires)-and should not exceeded 5 mSv for more-exposed routes at high latitude and with minimum solar activity (e.g. Paris-Tokyo by Siberian or polar route or Paris-San Francisco). The value for flight personnel on board Concorde falls within this range since the annual number of flight hours is lower (300).
These values are clearly above the limits recommended for the public (1 mSv year -1 ) by the ICRP in 1991. For European countries, the Directive of 13 May 1996 (14) sets basic standards and rules to protect the health of the public and workers from the dangers of ionizing radiation on the basis of ICRP recommendations. The Directive asks operating organizations to assess flight crew exposure whenever it exceeds 1 mSv year -1 . Doses received by each crew member should be recorded for each flight and summed over a year and more. Using the appropriate computer program and data file, personal exposure could be assessed if the various routes taken by individuals were known, along with the corresponding dates. The reliability of this kind of approach has yet to be validated.
